ABSTRACT The water cooling system plays an important role in the high-voltage direct current (HVDC) converter station. To reduce the leakage current among metal components, a certain number of platinum electrodes are installed at the distributary pipes. However, due to electric field distortion around the platinum electrode, over 66% faults of the cooling system are contributed by the frequently occurred sediment deposition on the platinum electrode. This paper proposed a method to predict the dynamic deposition behavior of the water cooling system through the built electro-mass transfer-velocity coupling model. Additionally, the deformation feedback effect of a sediment growth process is also included. An experimental water-cooling setup was established, and the simulated operation experiments were conducted to explore the deposition mechanism at first, then the mathematical coupling model was proposed to describe the corrosion and deposition characteristic. In addition, the arbitrary Lagrangian-Eulerian deformation method was adopted to count the feedback effect of the deposition product formation process on the multiple physical field model. The experiments and simulations were conducted to demonstrate the concept and verify the method. The results show that the proposed method can do well with the dynamic sediment deposition and radiator corrosion problem together. Meanwhile, the deposited sediment not only cause over 116-V voltage distortion around electrode but also induce another 3.2-µA leakage current in radiators. As a result, the voltage balance ability of the electrode would be seriously destroyed and aggravate the deposition situation.
I. INTRODUCTION
The inner water cooling system plays an important role in high-voltage direct-current (HVDC) converter valve, to maintain the normal operating temperature of thyristors and reactors via heat exchange between the cooling medium and the metal radiators [1] , [2] . Generally, the deionized water is used as the cooling medium owing to its excellent perforThe associate editor coordinating the review of this manuscript and approving it for publication was Ahmad Elkhateb. mance in heat dissipation and electrical insulation. Although, the conductivity of cooling water is low, the voltage difference among metal components can still induce electrolytic current through these metallic components and pipes, and leading to the corrosion of electrical components [3] . As a result, a certain number of pin-type platinum grading electrodes are commonly used in the cooling system to keep good voltage balance ability. By this way, the electric voltage distribution along the cooling waterways is fixed to that along the row of thyristors, resulting in leakage currents in water being mostly collected by the platinum grading electrodes, and the metal radiators are considered not to be exposed to them. However, due to electric field distortion around electrode, sediment deposition on electrode is frequently reported and over 66% operation accidents of converter valve are led by it, including pipe blockage and water leakage [4] .
To solve this problem, some works have been done through experiments to investigate the grading electrode deposition behavior, and the mathematical analysis method is often applied as an assistant way. Some numerical works have been done to investigate the sediment deposition characteristic on grading electrode based on lump circuit method and Faraday' law [5] - [8] . For example, [5] studied the leak current of valve section in terms of lump circuit method, and discussed the influence of electrode position. Reference [6] proposed a nonlinear equivalent circuit model in considering of electrode reaction. Besides, [7] investigated the movement characteristic of charged ions for different electrode types in terms of particle tracking method. However, these models can only show the overall deposition characteristics of sediment and lack means to characterize or predict the deposition process itself.
It is known that the sediment deposition is contributed by electrode reaction, the electrochemical analysis method is frequently adopted to indicate the electrochemical reaction process [9] - [11] . Reference [11] proposed a two dimension simple model (without considering the radiator corrosion and cathode electrode reaction) to study the electrochemical reaction characteristic of water cooling system. In reality, the electrochemical environment of water cooling system in converter valve is greatly affected by electric field, velocity field and electrolyte migration. In addition, the deposited sediment formation on electrode surface not only changes the calculation interface around electrode, but also partially limited by electrolyte species and electric field. Although, some researches have been developed, the impacts of electrolyte migration, velocity field and the feedback effect of sediment deposition process are still needed to be investigated. Consequently, this paper proposes a method to predict the dynamic deposition behavior based on electro-mass transfer-velocity coupling model, in which the impacts of corrosion radiator and sediment deposition process are counted. And the voltage balance ability of electrode under different stages can be evaluated to guide the maintenance.
The remainder of this paper is organized as follows. In Section II, the simulated cooling system setup for a HVDC valve stack, as well as platinum-aluminum sheets experiment are conducted to explore the electrochemical characteristic of water cooling system in convert valve stack. Section III presents the FE (Finite Element) model to count the impact of electrolyte migration and sediment deposition process. Example calculation of water cooling system in converter valve is conducted to clarify the inorganic sediment deposition behavior and experimental results are provided for validation in Section IV. Section V discusses the sediment feedback effect on electrode deposition behavior and voltage balance ability. Section VI concludes the paper.
II. SEDIMENT DEPOSITION MECHANSIM OF GRADING ELECTRODE
A. STRUCTURE OF DISTRIBUTARY WATER COOLING SYSTEM Fig.1 presents the typical structure of parallel-connected water cooling circuit in valve stack system. In Fig.1, 16 aluminum alloy radiators are connected by two distributary water pipes and 16 pairs of tributary water pipes, which are made of fluorinated ethylene propylene [12] . In reality, four pin-type platinum electrodes E 1 to E 4 are electrically connected with the metal radiators at two terminals of the valve stack to constrain the electric voltage distribution along the distributary waterway. Ideally, the voltage level of these radiators is the same as the water so that these radiators are not exposed to electrolytic leakage current. Unfortunately, the voltage between two terminals of a tributary water pipe, e.g. between P 1 and P 1 ' in Fig.1 , could reach a maximum of 1.2 kV owing to electric field distortion around the pin-type grading electrodes. Nevertheless, the water cooling system is likely to be exposed to leakage currents, which potentially induces corrosion in radiators, as well as sediment deposition on electrode.
B. THE ELECTROCHEMICAL MECHANSIM ANALYSIS
To explore the mechanism of sediment deposition, a simulated water cooling system setup, in which seven aluminum radiators were connected in parallel by the distributary and tributary water pipes in the similar way as done in engineering practice, as shown in Fig.2 . Besides, the other electrical circuit components are the same as actual water cooling system. In the setup, DC electric voltages between radiators were applied by means of a resistor voltage dividing electric circuit composed of seven resistors and DC power source. Similarly to the engineering practice, four platinum pin-type grading electrodes were installed to fix the electric potential distribution along the distributary water pipe to that along the row of metal radiators. In principle, the operation environment in the experimental cooling setup should be approximately the same in the engineering practice. The preset conductivity is less than 0.5 uS/cm, and the applied voltage between two electrodes is 15 kV, by this way, the leakage current is within the range of 1.6 mA, which is fixed to that in the engineering situation. Consequently, the electric voltage between radiators and the electric current through aluminum sheet samples and electrode are strictly maintained consistent with engineering practice. In addition, the variation of electric current through electrode and the conductivity, oxygen of deionized water were recorded.
The sediment sample on electrode obtained from the simulated setup, together with samples come from two operation converter valve, were analyzed by the X-ray diffraction (XRD) method to explore the element content of sediment, as shown in Fig. 3 . It is clear that the sediment is mainly composed of aluminum oxide, which can only generated by the corrosion of aluminum radiator [13] . Therefore, it is proved that the depositing process is electrically driven by electric field in water cooling system, and the aluminum contents in deposits turn out to be generated from corrosion of aluminum radiators.
On the other hand, electrolytic corrosion experiments with aluminum sheet samples and platinum electrode are also done. Considering that the DC leakage currents through these radiators within a valve stack might differ in the current direction [5] , to explore the electrochemical behavior of platinum and radiator at different positions, both single electrode electrolytic experiments with platinum as anode and aluminum as cathode and multi-electrodes electrolytic experiments including seven aluminum sheets and two platinum electrodes are carried out. Fig.4 shows the multi-electrodes electrolytic experiments, in which seven aluminum sheets are connected in series with resistor divider, and two platinum electrodes are electrical connected with #1 and #7 aluminum sheets, respectively. All these samples were fixed by plastic fasteners.
The aluminum sheet, with the length of 40 mm, the width of 13 mm, and thickness of 2 mm, is immersed in electrolyte for 20 mm depth, thus maintaining an effective area of 626 mm 2 . Before experiments, aluminum sheets and platinum electrodes have been cleaned and dried with alcohol. The experimental environments are consistent with engineering practice. Deionized water with conductivity less than 0.5 uS/cm is adopted as electrolyte. The leakage current density flowing through on electrode surface is maintained in range of 0.2-0.4 µA/mm 2 , and the experimental period was 72 h.
During the experiment, gas bubble is constantly generated on the surface of the platinum electrode and aluminum sheet. The volume of bubble produced from E 1 platinum electrode and #5∼#7 aluminum sheet at large potential is smaller, and gas production rate is half as that of #1∼#4 aluminum sheet and E 2 electrodes. Therefore Eq. (1) reaction is happened on #1∼#4 aluminum sheet and E 2 electrode. And Eq. (2) occurred on #5∼#7 aluminum sheet and E 1 electrodes. In addition, dissolution of oxygen in water results in the occurrence of Eq. (3) inevitably on #1∼#4 aluminum sheet. Hydroxyl ion is produced continually because of Eq. (1) and Eq. (3), some of which participate in the following reaction on #1∼#4 aluminum sheet:
Experimental process and observation of aluminum sheet by SEM is shown in Fig.5 . There are white deposits on E 1 electrode, which is composed of Al(OH) 3 tested by XRD. However, a pitting morphology is found on #5∼#7 aluminum sheet. Therefore, the leakage current causes different reactions on the surface of aluminum sheet. Reaction on E 1 electrode is as follows:
Reaction on #5∼ #7 aluminum sheet is as follows:
According to the results of electrolytic experiments, water electrolysis, corrosion reaction and electrode deposition are induced with aluminum sheets and grading electrodes (at different potentials within valve section cooling system) as anodes and cathodes. The aluminum sheets at high potential corrode and generate the tetrahydroxy aluminate [Al(OH) 4 ] − within the alkaline environment. Then, the corrosive charge ions would move towards the grading electrode under impact of electric field and turbulence convection. For the electrolyte around the grading electrode, [Al(OH) 4 ] − is deposited as Al(OH) 3 at the anode in an overall basic environment, as expressed in Eq. (3). In addition, the water electrolysis is also expected for the cathode, just as shown in Eq. (1). Fig. 6 illustrates the electrochemical reaction in the valve section cooling system. This finding will help us to understand the electrochemical mechanism and variation of reaction species in water cooling system of HVDC converter valve. Since these above reaction equations are contributed by current field in water cooling system, and it can beegarded as electrochemical problem. In addition, due to the electric field and concentration difference of these species, the mass diffusion phenomenon is expected, which can be presented by mass transfer field. Besides, the formation of sediment would also change the continuous boundary of platinum electrode and electrolyte, as well as the electrode reaction process. Additionally, the impact of water velocity can't be ignored since the deionized water keeps flowing to dissipate heat. Consequently, this paper proposed an electro-mass transfer-velocity coupling model to indicate the sediment deposition characteristic, with considering the feedback effect of deposited sediment.
III. MATHMATICAL AND FEM MODELLING A. ELECTRO-MASS TRANSFER-VELOCITY COUPLING MODEL
In electrochemical reactions, chemicals react by gaining or losing electrons. Chemicals can exchange these electrons with an electrical conductor or circuit, and the basic current continuous laws are still fitted. As a result, these reactions are thus converted into an electrical field problem [15] . In this paper, the influence of porous sediment is equivalent as a thin layer with different conductivity [10] . To indicate the timedependent characteristic of deposition process, the blended current density distribution and voltage caused is solved by current field, which satisfies the following equations:
where σ is the conductivity, S/m; ε is the permittivity; J is the current density, A/m 2 . The two endings of electrodes would suffer non-sine composited voltage, which is over 25 kV. As a result, the induced large electric field will drive the corrosion ions move toward the electrode and deposit on its surface [13] . In addition, it is pointed out that the DC component take dominant in the sediment deposition under AC-DC compound case [11] , the DC case is investigated in the simulated setup and simulation model. Since the connected radiators burden the voltage drop in series, hence, the voltage of radiators is set as the linearly decreased voltage level. On the other hand, to describe these electrodes reactions given in Section II, the interface electrode reaction current distribution due to electrochemical reaction is calculated by Bulter-Volmer equation, which is given by Eq.(8) [6] . In the model, the double capacity is also considered, which is set as 0.1 F/m 2 [11] .
where j loc is the local current density, A/m 2 ; i oj is the exchange current density; c ref is the reference corrosion product concentration, which is about 0.025 mol/m 3 ; α b and α b are the transfer coefficients; R is gas constant, 8.314 J/(mol·K); T is the deionized temperature, which is 323 K; η is the over potential; φ s is applied potential, V; φ l is the electrolyte potential, V; E eq is the equilibrium potential, V. In addition, the Tafel law is adopted for describing the irreversible anodic electrode reaction, which can be presented by [16] :
where b is the Tafel slope and has units 1/V. The detailed parameters for electric reaction field are listed in Table 1 .
The current field will compute the molar mass of exchange ions participating in reactions, as well as the current distribution. Therefore, the variation of reaction species on electrode surface (platinum electrode and radiator) can be calculated by Faraday law. Then, due to the complex influence of electric field and velocity field, the general mass balance and transportation rule for the diluted species in water cooling system would change, which obeys the Nernst-Planck equations for species i [17] :
where c i is concentration of reaction specie i, mol/m 3 ; R i is the local generation rate. z i is the charges, C; D i is the diffusion coefficient, 10 −5 cm 2 · s −1 . The flux for species i in an electrolyte accounts for charged solute species (ions) by diffusion, migration, and convection, these are respectively the first, second, and third term on right-hand side in the equation below. Here, the mobility u m,i is expressed as:
The electrochemical reaction that occurs on the surface of electrodes and radiators, and then the fluxes of species can be given by:
where F is the Faraday constant, 96485.3383 C/mol; n d is number of electrons in reaction; i loc is the localized current density, A/m 2 ; ν d is the stoichiometric coefficient for the species in reaction m. The no flux boundary is applied for all the other boundaries of electrolyte domain, which can be presented as:
The needed species parameters for mass transfer field are given in Table 2 .
The continuous water flow is governed by the unsteady compressible flow equations [18] .
The fluid flow is described by k-ε turbulence model, as shown in following.
where G k is the turbulence energy contributed by average viscous gradient; C 1ε and C 2ε are the coefficient, respectively, in the paper, C 1ε = 1.44, C 2ε = 1.92. σ k = 1.0, σ ε = 1.03 are the parameters correspond to turbulence energy k and dissipation rate ε, and σ k = 1.0, σ ε = 1.03. C µ = 0.09, where the body force, either due to the gravitational acceleration 
B. THE DESCRIPTION OF DEPOSITION FORMATION PRODUCT
As the growth of sediment deposits is so considerable that it significantly affects the mass transport and current density of electrolyte. Therefore, the arbitrary Lagrangian-Eulerian (ALE) method is introduced into the model to tackle the growth interface of the tetrahydroxy aluminate deposits and the deposition morphology. For a 2D model with free displacement in the transient case, the sediment deformation specified by mesh displacement is governed by the following equations [19] :
It is assumed that the velocity vector of the wall of distributary water pipe is considered to be zero as the deposition resulted from by fluid saturation is neglected.
The formation of sediment deposits on the metal surface is time dependent, and the thickness of the deposits changes with time. Furthermore, the growth rate of the deposits is mainly governed by the precipitation reaction rate. Assuming that the precipitation reaction only occurs on the interface of the deposits, the growth rate of the deposits and movement of anode surface can be calculated by the following equation:
where v is the growth velocity of deposits, m/s; ρ is the density, which is 2420 kg/m 3 ; M is the molecular weight, 0.078 kg/mol. The detailed boundaries for the coupling fields are given in Fig.7 and Table 3 .
The procedure for the proposed method is illustrated in the following steps, the electrochemical model is computed in each time step until default time. Step 1: The time step t is given, during time t = t i , calculate the current field and velocity field based on the last step value and preset boundaries.
Step 2: The species concentration distribution in water cooling system and sediment thickness on electrode are obtained according to the electric field and current density calculation in step 1.
Step 3: The specie concentration around electrode surface is returned to Bulter-Volmer equation to count the impact of concentration on electrode reaction, and the sediment thickness is used in the ALE method to achieve the physical deformation.
Step 4: The Newton-Rapson iterative method is adopted to compute the coupling model until the calculation error is less than the predefined value.
Step 5: Then time t = t i + t, the above four steps are adopted to compute the electrochemical performance of water cooling system, until default time.
In order to achieve accurate results and save the simulation time, a multi-level meshing process is executed in the FEM simulation. Multi-level meshing means that for the critical layers (pipes), finer meshing is processed for platinum electrode. FEM simulations are run in transient mode for 200h, and the total number of body elements is 102409.
IV. THE DEPOSTION BEHAVIOR OF COOLING SYSTEM A. THE FEM CALCULATION RESULTS
The fluid flow velocity distribution of deionized water cooling system for inlet flow v = 20 L/min, is shown in Fig.8 . It shows that the fluid velocity is concentrated at anode electrode and radiator branch inlets, and maximum value is about 0.32 m/s. Besides, the velocity speed decreases with the distance away from the anode electrode, this would affect the species migration according to the Nernst-Planck equations.
Since the deposition process is also determined by electric field, the current density and electric field around two platinum electrodes are shown in Fig.9 . It clearly displays that the maximum current density is concentrated on the tip section of electrodes, and the maximum value on anode electrode is 5.12 A/m 2 . And the current density of cathode is smaller than anode. On the other hand, the electric field points to electrode VOLUME 7, 2019 FIGURE 8. Velocity distribution of water insulating pipe.
FIGURE 9. Deposition current densities obtained by current model.
with small potential, while the charge of radiator corrosion product is negative, which means the corrosion species would move toward electrode with higher potential and deposit on it. This can explain well the reason why sediment deposition frequently occurs on anode electrode instead of cathode.
The corrosion product concentration profiles of water cooling system are given in Fig. 10 . Fig.10 (a) gives the concentration of aluminate ions induced by radiators with large potential, which clearly displays that the larger potential, the higher generated aluminate ions around radiator. In addition, all the curves increases with time all the time, with maximum value about 3.3 × 10 −5 mol/m 3 at t = 200 h. As the produced aluminate ions would have chemical reaction with water further and generate the tetrahydroxy aluminate, of which charge is negative. As can be seen in Fig.10 (b) , the tetrahydroxy aluminate concentrates on the top side of electrode, with maximum value about 5.78 × 10 −5 mol/m 3 . The tetrahydroxy aluminate around electrode can only be generated by radiator corrosion, which is driven by electric field. Consequently, modeling the growth kinetics of the aluminate deposits with considering the velocity field is of significance to predict the time-dependent changes of the physical properties of aluminate deposits.
The deposited sediment would change the calculation interface between water and electrode, and its insulation resistance is important for electrode reaction. Fig.11 gives the surface resistance distribution along the reaction process It can be seen that the surface sediment resistance changes as a quadratic function, and the maximum value is 18.2 · m 2 . On the other hand, the surface resistance of electrode increases with time all the time, and the largest deposition rate occurs on the top side of electrode as well.
B. VALIDATION OF METHOD
Firstly, the simulated deposited sediment on electrode surface with large potential is much thicker than that of small potential. Hence, it can be inferred that sediments are more likely to deposit on grading electrodes with the relatively positive polarity (the higher potential), which accords well with the actual situation [20] . Then, the mass of sediment obtained from the established simulated setup is measured to verify the validation of the proposed method. The applied DC voltage are 10 kV and 15 kV, respectively, and the conductivity of deionized water varies from 0.059 uS/cm to 0.06 uS/cm, the dissolved oxygen in water is controlled at 400 ppb. The simulated operation experiments were conducted under DC voltage condition for 24 × 7 h = 168 h. The comparison of measured results and calculated results are listed in Table 4 . It is obvious that the calculated results accord well with the measured value, and the errors are 0.08 mg and 0.15 mg, respectively. The main reason of error is that the non-electric current induced deposition (such as chemical reaction) is ignored in the simulation model. However, the proposed model still can characterize the deposition process and operation condition well, which can help to study on the characteristic and process of the current-induced deposition.
Furthermore, the lump circuit model is commonly used to predict the sediment deposition characteristic [5] , and the equivalent circuit of the built simulated setup is shown in Fig.12 . In the figure, the applied voltage on electrode and radiators is regarded as voltage source, while the cooling water among electrode and connected joint for distributary pipe are treated as resistance, which can be calculated by:
The detailed information is listed in Table 5 , and the realtime conductivity of the cooling water is σ ≤ 0.5 µS/cm, in this paper, the strictest situation σ = 0.5 µS/cm is chosen. The set voltage between two electrodes is 25.5 kV, and the applied voltage on radiators decreases linearly from V 2 to V 8 . The calculated voltage of joint and radiators obtained from proposed method and lump circuit model are shown in Fig.13 . It is obvious that the proposed method accords well with the lump model, with maximum calculation error only about 3.5 %, which occurs in the # 1 radiators due to its smallest applied voltage. Therefore, the proposed model can be used to indicate the electrochemical behavior of water cooling system and the accuracy meets the design requirement. Fig.14 shows the corrosion product deposition shape after a long running time, one can see that the sediment on the tip section of grading electrode is thicker that other sections, and the maximum value located on the right side of electrode. In addition, the sediment thickness of two parallel sections of electrodes is different, the sediment thickness around the top side of grading electrode is larger than other sides, the maximum sediment occurs in the top side of electrode, about 0.1476 mm, in conclusion, the calculated deposition morphology of grading electrode agrees well with the measured morphology in Fig.14 (b) . Furthermore, as the deposited sediment increases linearly with time approximately, the calculated sediment thickness of different sections under actual condition for one year are 0.374 mm and 0.743 mm, respectively. The measurement sediment of grading electrode in distributary piping are 0.35 mm and 0.68 mm. The numerical result has an error of 6.86 % and 9.26 % when compared to experimental data. Consequently, the proposed method can be used to predict the sediment morphology and electrochemical behavior of cooling system.
C. THE RADIATOR CORROSION AND DEPOSITION BEHAVIOR
The dynamic deposition behavior of water cooling system is also investigated, Fig.15 shows the deposition rate on electrode. As can be seen, the deposition rate decreases with reaction time all the time, which can be described in form of exponential function, the corresponding value would reduce to 1.08 × 10 −5 mm/h when t = 200 h. The main reason is that the deposited sediment would retard the current density around electrode due to the insulation characteristic of sediment.
Since the deposited content mainly comes from radiator corrosion, the corrosion behavior of radiators is also investigated, as shown in Fig.16 . It can be observed that the corrosion behavior of different radiators varies with the surface position in U type function. Both the maximum value of each radiator and corrosion difference among radiators locate on the inlet interface of ring channel, where maximum current density is expected.
Meanwhile, the mass change of radiators is also discussed, as shown in Fig.17 . It is clear that the radiators would loss its mass due to aluminum corrosion. Mass of the three radiators decreases with reaction time linearly, and the higher potential of radiators, the more mass loss of radiators. When t = 200 h, the mass loss of three radiators are 6.1 mg, 3.66 mg, 1.66 mg, respectively. As a result, the corrosion of aluminum radiators would induce negative ions, which would be driven to the anode electrode under influence of electric field. It should take measures to reduce the corrosion of radiators [21] , [22] . 
V. THE FEEDBACK EFFECT OF SEDIMENT DEPOSITION
As stated in above section, the deposited product would change the potential distribution of electrode and electrolyte, as well as the reaction current. As a result, the deposition process would destroy the balance ability of grading electrode, and even cause breakdown of water pipes or accelerate metal components corrosion. Hence, the current density of grading electrode is discussed at first, as shown in Fig.18 . It can be seen that the electrode reaction current decreases in exponential form accompanying the deposition process. When t = 200 h, the current density decreases by 1.4 A/m 2 , achieving 17 %. In addition, if the impact of sediment layer is ignored, the electrode current density would be keep constant. Therefore, due to the insulation characteristic of sediment, the electrode current would become smaller and resist the dynamic deposition process.
At the same time, it is obvious that the current density around anode decreases with time under constant applied voltage condition, mainly contributed by sediment deposition. It means that the corrosion product would deposit on the grading electrode and restrict the electrochemical reaction. In addition, the balanced voltage level among distributary pipe and tributary pipes would be destroyed, because the deposited sediment would burden more voltage than the electrolyte, as shown in Fig.19 . Obviously, the decreased voltage caused by deposited sediment increases with sediment thickness, with the maximum value about 169.2 V. However, the burdened voltage by electrolyte without considering the deposition sediment is only about 52.8 V. Therefore, the corrosion product deposition on the anode would destroy the potential balance ability and aggravate radiator corrosion. Fig.20 presents the thickness of corrosion product on anode surface, it can be seen that sediment thickness varies with the surface distance, and the maximum value occurs in the tip section of anode. It indicates that the sediment thickness is mainly affected by the current density. In addition, the comparison of sediment on grading electrode surface is also given. One can see that the deposited sediment distribution has the similar variation rule. However, due to the decreased voltage of sediment, the sediment thickness for sediment layer included case is smaller than that of non-sediment layer case, with difference about 0.041 mm. Fig.21 gives the comparison of leakage current in distributary pipes for without sediment case and sediment considered case. It is obvious that the leakage current in radiator distributary pipe with small potential has the same direction with reference direction, which is opposite to the radiator distributary pipe with large potential, the main reason is that the electric field distortion along tributary pipes would result in larger decreased potential around grading electrode. In addition, the leakage current of radiators is approximately linear with serial number of radiator, and the leakage current is lower (about 2 µA) for radiator at near-middle electric potential (radiator # 4) than other radiators. On the other hand, the deposited sediment would promote of leakage current in radiator distributary and accelerate the radiator corrosion further. The variation of leakage current caused by deposited sediment is given in Fig. 21 (b) , one can see that the leakage current in distributary pipe with low potential decreases with VOLUME 7, 2019 sediment deposition, the maximum decreased value is about 1.4 µA. On the contrary, the leakage current in distributary pipe with large potential increases with sediment deposition, the corresponding maximum value is about 3.2 µA.
In conclusion, the sediment deposition on grading electrode would accelerate radiator corrosion.
As the deposited sediment would promote the leakage current in distributary pipe, Fig.22 gives the radiator corrosion without sediment/with sediment cases. It can be seen that the corrosion thickness is proportion to applied voltage on radiator, it means that the larger of voltage, the more serious of corrosion degree, the maximum difference reaches about 0.0073 mm, achieving 8.08 % for t = 200 h case. It is assumed that the corrosion degree increases with time linearly, the corrosion of different radiators will be 0.0219 mm, 0.1095 mm and 0.342 mm. Consequently, the sediment deposition would promote the corrosion of radiator with large potential, while the radiator corrosion is the single source of sediment, the feedback effect between radiator corrosion and sediment deposition should be considered.
VI. CONCLUSION
In this paper, an electro-mass transfer-velocity coupling field model is proposed, in which the bilateral effect of insulated sediment and electrochemical reaction is counted. The water cooling system in converter valve stack is selected as the research object. The electrochemical deposition mechanism of water cooling system is investigated on basis of simulated platform and microstructure analysis. In addition, the Lagrangian-Eulerian equations are utilized to describe the deformation process of sediment. The deposition behavior prediction method is then demonstrated by lump circuit model and sediment thickness. This model can be used to predict the electrochemical behavior for different environmental conditions. Finally, the impact of sediment deposition process is studied to evaluate the voltage balance ability. It is expected that this study will be useful for engineers developing practical condition monitoring solutions and design ways for converter valve system in order to improve their operational reliability.
Using the proposed method, the reliability and deposited sediment of water cooling system can be predicted in advance, and those electrodes with thick sediment can be cleaned timely, which can greatly reduce the maintenance costs and time to improve the security of the converter valve. The proposed model can also be applied to grounding electrode which has a similar problem with electrode deposition.
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